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Abstract 
Recently, gene co-expression relationships have been found to be often conditional and 
dynamic. Besides, many studies have suggested that single nucleotide polymorphisms 
(SNPs) have impacts on gene expression variations in human populations. The SNPxGE2 
database contains the computationally predicted human 3-way SNP-expression 
associations, that is, the differential co-expression between 2 genes is associated with a 
genotype/SNP. This data was generated from a large scale association study that was 
based on the HapMap data, which covered 269 individuals from 4 human populations, 
701,202 SNPs and 15,000 gene expression profiles. Two models of 3-way SNP-
expression associations were considered: gap/substitution and on/off. The 
implementation was carried out using 64 Linux cluster nodes in ~30 days and assessed a 
total of  SNP-expression combinations. The results, including 4,713 on/off 
associations and 36,170 gap/substitution associations at a p-value cutoff of 0.001, can be 
queried in the SNPxGE
129.21 10×
2 database via either gene name or reference SNP ID. For each 
reported association, a detailed information page is provided. The SNPxGE2 database can 
be freely accessed at http://tunisia.ads.uga.edu/SNPxGE2/index.php. 
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Introduction 
It is widely accepted that eukaryotic gene expression variation may be potentially 
modulated by many genetic and epigenetics factors such as cis regulatory elements, 
enhancers, transposons, nucleosome positioning, DNA methylation, and by 
environmental factors (1-4). Moreover, much of the expression variations are heritable 
(5). 
 
Recently, many studies have suggested that SNPs also have impacts on gene expression 
variations in human populations (6-9). Stranger at al. (6) found that many regions within 
1Mb of 374 expressed genes of interest had significant association of SNPs with 
expression variation. Stranger et al. (7), performing association analyses of expression 
levels of 14,925 transcripts with SNPs and copy number variants (CNVs) using multiple 
linear regression, suggested that SNPs captured 83.6% of the total detected genetic 
variation in gene expression. Stranger et al. (8) carried out an association analysis of over 
2.2 million common SNPs with gene expression using multiple liner regression and 
identified at least 1,348 genes with association signals in cis and at least 180 in trans. 
Veyrieras et al. (9), using a Bayesian hierarchical model, found strong enrichments of 
quantitative trait loci for gene expression (eQTLs) in the 250 bp upstream of transcription 
end site (TES) and around the transcription start sites (TSS). Pickrell et al. (10) identified 
more than a thousand genes at which genetic variation influences overall expression 
levels or splicing. 
 
Besides individual gene expression profiles, the relationships among them such as co-
expression are also often studied for deciphering gene regulatory mechanisms. The 
identification of human gene co-expression relationships using microarray data has often 
relied on reliable correlations between gene expression profiles across many experiments 
or conditions (11,12). But recently, some studies have suggested that the co-expression 
relationships between genes are often dynamic and conditional, e.g. dependent on cellular 
states (13), developmental stages (14), disease status (health or cancer) (15), or human 
populations (16). However, few studies have linked such differential co-expression to 
genetic bases.  SNP effects on gene expression variation in humans has been well 
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documented, and hence, it is reasonable to conjecture that the differential co-expression 
between two genes may be associated with the genotypes of an SNP, which is termed as a 
3-way SNP-expression association in this study. Kayano et al. (17) proved a biological 
switching mechanism in expression between correlation and inverse-correlation of two 
genes, controlled by a genomic SNP. However, the switching mechanism in two genes’ 
co-expression controlled by a SNP could be only part of the whole picture of 3-way SNP-
expression associations because it is also possible that two gene are well co-expressed 
under different genotypes of an SNP while their co-expression can not be detected if 
different genotypes of the SNP are pooled, or that two gene are well co-expressed under 1 
or 2 genotypes of an SNP while are not co-expressed under others. Besides, Kayano et 
al.’s method was only able to assess  three-way combinations, of which only 142 
gene expression profiles were included, more than two orders of magnitude fewer than 
what is  typical in a genome-wide expression data. The biggest difficulty in conducting 3-
way association analysis on a genome-wide scale is computational intractability. Thus, a 
resource providing the results of a comprehensive analysis of 3-way SNP-expression 
associations, which are based on more practical association models and large-scale 
computation, should be informative to the scientific community. To this end, we adopted 
a more efficient method presented by Dettling et al. (
83 10×
18), which enabled us to assess up to  
 three-way combinations. The results were deposited in the SNPxGE129.21 10× 2 database. 
 
Construction 
The raw data 
Normalized gene expression values of 269 HapMap individuals from 4 populations (CEU, 
CHB, JPT, YRI) were downloaded from GENEVAR (http://www.sanger.ac.uk/genevar/) 
(19). Out of the 47,294 transcripts, 15,000 genes with the highest variations were selected 
for further analysis. The SNP genotypes from phase I HapMap 
(http://hapmap.ncbi.nlm.nih.gov/) were used. Data from the four populations were pooled 
together to make the analysis more reliable (correlations with small sample sizes are 
unstable). 
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Modeling 3-way SNP-expression associations 
The 3-way SNP-expression associations of interest, that is, the differential co-expression 
between 2 genes was associated with a genomic genotype / SNP, have been proven to 
exist in humans by Kayano et al. (17) based on 142 gene expression profiles out of five 
disease pathways and 366,140 SNPs.  However, Kayano et al.'s method, which 
incorporated several different statistical tests and logistic regression, was not efficient for 
a comprehensive study on a genome scale. Besides, they addressed only one type of 3-
way SNP-expression association. Thus, we considered the approaches introduced by 
Dettling et al. (18), which were single statistical testes and were proven to be as powerful 
as logistic regression, but have a markedly lower computational cost in terms of 
searching for differentially expressed gene combinations. Although Dettling et al.'s work 
dealt with binary association, the 3-class association problem in our 3-way SNP-
expression associations can be solved by finding the best one from 3 possible binary 
associations. 
 
For this study we adopted the following convention. The correlation between gene two 
expression profiles was measured by Pearson’s correlation coefficient. Given a dataset in 
which expressions and genotypes are measured at once for each individual, for a pair of 
expression profiles , , and an SNP locus with genotypes AA, AB or BB, the 
genotype dependent correlations between and  (the correlations based on a subset of 
individuals with the same genotype) are denoted by
1E 2E
1E 2E
AAR , ABR and BBR respectively and the 
overall correlations between and  in any two of genotypes are denoted by , 
 and . The on/off model finds a maximum difference among genotype 
dependent correlations, which is calculated as 
1E 2E AA ABR +
AA BBR + AB BBR +
_ max( , , )AA AB AA BB AB BBscore o R R R R R R= − − −  
The on/off model could be regarded as an alternative approach to address the switch 
mechanism introduced by Kayano et al.. The gap/substitution model tests whether the 
sum of genotype dependent correlations is significantly higher than the overall 
correlation, which is calculated as  
_ max( , ,AA AB AA AB AA BB AA BB AB BB AB BBscore g R R R R R R R R Rα α α+ += + − + − + − )+  
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where 1.5α = as suggested by Dettling et al.. A good gap/substitution association may be 
interpreted as: the expression patterns of two genes are well correlated under different 
genotypes at a genomic locus, while their overall correlation can not be observed. Note 
that in the above equations, genotype dependent correlations with less than 27 samples 
were not counted because small sample sizes increase the instability of correlations. 
 
The computational strategy for detecting 3-way SNP-expression associations 
To detect 3-way SNP-expression associations, any two expression profiles that have the 
same GO term were considered for the subsequent down stream analysis. This restriction 
resulted in 3,284,179 combinations of 2 expression profiles (out of 15,000 expression 
profiles) that share common GO terms. For each such combination of 2 expression 
profiles, all of the 701,202 SNPs were assessed using the two association models: on/off 
and gap/substitution models and the best of each were recorded. To find the significant 3-
way associations, we permuted the genotype data and the above procedure was repeated. 
This strategy resulted in the assessment of SNP-expression combinations, that 
is: 
129.21 10×
12
3,284,179(expression profile combinations) 701,202(SNPs) 2(association models)
2(real and permuted genotype data) 9.211492 10
× ×
× = ×  
The computation time on a 64 dual-processor quad-core nodes (Intel Xeon, 2GB 
RAM/core) was about 30 days, compared to more than 1000 days if Kayano et al.’s 
method were used. 
 
The distributions of on/off scores and gap/substitution scores based on real genotpye data 
showed a clear right shift compared with those based on permuted genotype data (Figure 
1), which suggests the existence of 3-way associations between differential gene co-
expression and SNPs in human genome. Let and denote the on/off 
scores on real genotype data and permuted genotype data respectively. For an on/off 
score x, the p-value was assessed by: 
_score or _score op
#{ _ , 1, 2,...,3284179}
3284179
iscore op x i> =   
and the false discovery rate (FDR) was estimated by (20)  
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
do
i:1
0.
10
38
/n
pr
e.
20
11
.5
70
4.
1 
: P
os
te
d 
19
 F
eb
 2
01
1
 
Figure 1. Comparison of score distributions between real genotype data and 
permuted genotype data. 
 
#{ _ , 1, 2,...,3284179}
#{ _ , 1, 2,...,3284179}
i
i
score op x i
score or x i
> =
> =  
The p-value and FDR for a gap/substitution score were computed in a similar manner 
 
Utility 
Availability of the database 
The results, including 4,731 on/off associations and 36,170 gap/substitution associations 
at a p-value cutoff of 0.001, were deposited in the SNPxGE2 database. Note that 
occasionally a reported 3-way association in SNPxGE2 may have a p-value>0.001 
because it is also suspected to have such association based on the fact that its score is not 
high, but is much higher than its own expected maximum (the best SNP association for 
the 2 expression profiles based on permuted genotype data).  
 
The SNPxGE2 database is freely available at 
http://tunisia.ads.uga.edu/SNPxGE2/index.php. The 3-way SNP-expression associations 
can be searched via gene name or reference SNP ID, which represent units of 3-way 
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associations. On the home page, a quick search engine which supports keyword search 
and batch search is provided. An advanced search page is also provided, which allows the 
user to choose a specific 3-way association model and cutoff p-value, to search by gene 
ontology (GO) terms, or to use exact search. When the user submits a query (e.g. KPNB1) 
on the home page, a brief information page is returned (Figure 2), on which the icon for a 
particular association can be clicked on for detailed information. On the detailed 
information page (Figure 3), three pieces of information are provided: 
1) Parameters for the 3-way association, including the 3-way association model (on/off or 
gap/substitution), score, expected maximum score based on permuted genotype data, p-
value, FDR and associated GO terms. 
 
 
Figure 2. The brief information page. 
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Figure 3. The detailed information page. 
 
2) Genomic information for the 3 units of the 3-way association, including positions, 
RefSeq IDs and Ensembl IDs for the 2 transcripts, and position, function and related gene 
for the SNP. 
3) A plot showing the 3-way SNP-expression association. 
 
A stand-alone tool for analyzing any two transcripts 
 In order to make the genome-wide 3-way association studies feasible based on our 
current computational capabilities, the 2 transcripts of a 3-way association were restricted 
to the same GO terms, in this study. However, we are aware that the 2 transcripts that are 
associated with a genomic SNP may be also in different GO terms. Thus, we provide a 
stand-alone program on the “download” page, for the search of associated SNPs for any 2 
transcripts of interest. The usage of the program is described in its incorporated manual. 
The user may use the “download” web page to plot a 3-way association of interest. 
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 Conclusion and future plans 
The SNPxGE2 database provides information on computationally predicted human 3-way 
SNP-expression associations. The interfaces of SNPxGE2 are friendly and easy to use. 
SNPxGE2 is a continuing project and is expected to grow substantially over the coming 
years as next-generation sequencing technologies like Illumina and SOLID have made 
the data generation cheaper and newer mapping technologies will lead to enormous 
amounts of RNASeq data for studying gene expression (21), which is quantitative enough 
to be included in human 3-way SNP-expression association analyses. Furthermore, 
mapping differential gene co-expression to more genetic features like DNP copy numbers 
(array CGH data) is also under investigation and is planned to be incorporated into 
SNPxGE2 in future. 
 
Availability and requirements 
Project name: SNPxGE2
Project home page: http://tunisia.ads.uga.edu/SNPxGE2/index.php
Operating system(s): Platform independent 
Programming language: C++ 
Other requirements: None 
License: None for usage 
Any restrictions to use by non-academics: None 
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